Abstract. Sowing and harvest dates are a significant source of uncertainty within crop models especially for regions where high-resolution data are unavailable or, as is the case in future climate runs, where no data are available at all. Global datasets are not always able to distinguish when wheat is grown in tropical and sub-tropical regions, they are also often coarse in resolution. South Asia is one such region where large spatial variation means higher resolution datasets are needed, together 5 with greater clarity for the timing of the main wheat growing season. Agriculture in South Asia is closely associated with the dominating climatological phenomena, the Asian Summer Monsoon (ASM). Rice and wheat are two highly important crops for the region, rice being mainly cultivated in the wet season during the summer monsoon months and wheat during the dry winter. We present a method for estimating the crop sowing and harvest dates, for rice and wheat, using the ASM onset 10 and retreat. The aim of this method is to provide a more accurate alternative to the global datasets of cropping calendars than are currently available and generate input for climate impact assessments.
Introduction
Field studies dominate the modelling literature on crops and agriculture. Many crop models are developed and applied at the site scale using site specific observations to drive models and optimize outputs. The growing awareness of climate change and the likely impact this will have on food pro-25 duction has generated a demand for regional and global assessments of climate impacts on food security through for example, projects such as Agricultural Model Intercomparison and Improvement Project (AgMIP- Rivington and Koo (2010) ; Rosenzweig et al. (2013 Rosenzweig et al. ( , 2014 ),the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP- Warszawski et al. (2013 Warszawski et al. ( , 2014 ) and Global Gridded
Crop Model Inter-comparison (GGCMI-Elliott et al. (2015) ). Recent work in such climate-crop im-30 pact studies has sought to quantify uncertainty from the quality and scale of input data. A result from this work is that for global scale simulations, planting dates are a significant source of uncertainty ensure the soil is in a suitable condition for wheat sowing after the rice harvest. Erenstein and Laxmi (2008) describe the zero-tillage approach which allows for a reduced turn-around time between the harvest of rice and sowing of wheat. Potential avenues by which the uncertainty from sowing and harvest dates can be reduced in inputs to crop simulations include:
-The use of higher resolution regional data sets of recorded sowing and harvest dates for crop 100 calendars rather than existing global data sets.
-The use of new methods for estimating crop calendars in the absence of higher resolution regional data sets.
Motivation
The correct representation of the crop duration within crop models are crucial for the interpretation 105 of the important outputs from the model. For example if the datasets used for sowing and harvest dates are inaccurate, the simulations could grow crops during the wrong season, thereby affecting the reliability of the simulated water use and crop yield. Figure 1 compares observed sowing and harvest dates from a high resolution regional dataset from the Government of India, Ministry of Agriculture from Bodh et al. (2015) with a coarser scale global dataset over India from Sacks et al. (2010) . Fig. 1 
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shows that the main differences are for spring wheat (plot a and b) with Sacks et al. (2010) providing sowing windows for spring wheat between 120 and 200 days earlier than the Bodh et al. (2015) data.
This large difference is caused by the misclassification of spring wheat grown in winter as winter wheat in the Sacks et al. (2010) data. This is discussed by Sacks et al. (2010) as a potential limitation when using the data for tropical and subtropical regions. Spring wheat is the more common type of 115 wheat grown in the South Asia region (Hodson and White, 2007) because minimum temperatures there are not low enough to allow vernalization to take place, which is needed for winter varieties of wheat (Sacks et al., 2010; Yan et al., 2015) .
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Earth Syst. Dynam. Discuss., https://doi.org/10.5194/esd-2017-88 Manuscript under review for journal Earth Syst. Dynam. (2015) and Sacks et al. (2010) datasets showing that in Sacks et al. (2010) , the main growing period for both rice and wheat appears to be during the monsoon. While rice is usually grown during the monsoon it is not typical that wheat should be grown during this period for this 125 region. The growing season durations for the Bodh et al. (2015) dataset (See Fig. 2 The datasets used for sowing and harvest dates include a global dataset, Sacks et al. (2010) and a regional dataset, Bodh et al. (2015) from the Government of India, Ministry of Agriculture & Farmers welfare. The Bodh et al. (2015) data are referred to from here on as MinAg data. The MinAg 165 observations of sowing and harvest dates for rice and wheat are given as a range of days of the year.
The midpoints of these observed ranges are calculated and compared against the midpoints of the model pentads for onset and retreat in days of the year. As a post-processing step the differences are then masked using the (ICRISAT, 2015) crop areas, so that only the areas where rice or wheat are grown are considered. 
Estimating monsoon onset and retreat
There are a wide variety of metrics for estimating the monsoon onset and retreat, some use a combination of meteorological variables such as 850hPa wind and precipitation (Martin et al., 2000) , others such as Sperber et al. (2013) cessfully applied previously by Lucas-Picher et al. (2011) to analyse the monsoon of models of a similar resolution to the simulations used here ( See Fig 3) .
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N P P I = P − P min P max − P min
( 1) where P is the unsmoothed pentad precipitation climatology and P min and P max are the annual minimum and maximum at each gridbox respectively. The monsoon onset is then defined as the pentad in which the NPPI exceeds 0.618 for the first time and withdrawal as the last time the NPPI drops below this threshold in the year. The NPPI only reaches a value of 1.0 once in the annual cycle 185 which corresponds to the monsoon peak. In this analysis we use the NPPI metric to calculate the pentad of the monsoon onset, retreat, peak and duration for the APHRODITE observations and the three HNRCM simulations.
Calculating sowing and harvest dates from monsoon characteristics
We use estimates of the monsoon onset and retreat together with present day rules on sowing and har-
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vest for rice and wheat to calculate the sowing and harvest dates relative to the monsoon (See Fig.3 ).
This method allows any crop model that uses, for example a driving dataset similar to APHRODITE or the HNRCMs, to derive sowing and harvest dates that are consistent with the monsoon of the driving data (see Fig.3 ). Thus growing the crop at the appropriate time of the year i.e rice is kept during the monsoon period and wheat is sown and harvested during the dry season. 
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The RelM onsoon croprule is then applied to the monsoon onset and retreat field to provide an estimate of sowing and harvest dates for rice and wheat based on the monsoon. We refer to these estimates of sowing and harvest dates as 'monsoon derived crop dates' for brevity.
where the M onsoonStatistic can be monsoon onset or retreat and the RelM onsoon croprule is 215 one of the four crop rules given in Eq. 2
The spatial variability of the monsoon derived sowing and harvest dates is accounted for by the monsoon onset and retreat in the climatology used to calculate the RelM onsoon croprule . The monsoon derived sowing and harvest dates for both the APHRODITE and HNRCM simulations are provided and compared against MinAg observed sowing and harvest dates in Sect. 3.3. The calcu-220 lation of the RelM onsoon croprule is based on observations for India (from MinAg and ICRISAT (2015)) and therefore the analysis for the present day in Sect. 3.3 focuses on these areas. On the basis that most of the South Asia region is dominated by the ASM, the RelM onsoon croprule , though tuned using India observations, can be applied to the whole South Asia region in order to estimate sowing and harvest dates for larger areas with a rice-wheat rotation (see Sect 3.4).
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2.4 Demonstration using monsoon derived estimates of sowing and harvest dates for two future periods
The method summarised in Fig. 3 is applied to two future periods using the ECHAM5 and HadCM3 
Results
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We compare the model monsoon to the monsoon calculated from precipitation observations to demonstrate that the model is able to reproduce the monsoon (See Sect. 3.1) and therefore the methodology summarized in Fig. 3 and Sect. 2 is viable. In Sect.3.2 we compare the simulated monsoon with the observed sowing and harvest dates in order to calculate the monsoon derived sowing and harvest dates and compare these new simulated sowing and harvest dates with the observations.
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We then show results from applying the method in Sect. 3.3. As a demonstration, we also apply the method to two future periods in Sect.3.4. Figure 4 shows plots of the onset (left column) and the retreat (right column) of the South Asian Summer Monsoon as defined using the NPPI described in Sect. 2.2. The NPPI index for the clima-255 tology of the APHRODITE precipitation observations (Yatagai et al., 2012) The climatology shown in Fig. 2 shows that on average the observed rice and wheat sowing and harvest dates from MinAg align well with the monsoon onset and retreat in the simulations. Observed rice sowing dates generally compare well with the monsoon onset in the model as shown in Fig. 5 and Fig. 6 . for India. Table 1 shows the that on average across India rice sowing occurs between 3 and 20-days prior to the averaged modelled monsoon onset (3rd block, Table 1 ). In general the differences between rice harvest and monsoon retreat are larger but still consistent across the region (see Fig. C for the whole of India and are discussed in more detail in Sect. 4 . Fig 2 highlights that the the average sowing and harvest dates for rice and wheat are closely aligned with the monsoon precipitation from all three RCM simulations. The monsoon derived sowing and harvest dates are calculated from applying the RelM onsoon croprule for each model (See Table 1 ) to the simulated monsoon onset and retreat fields (see Fig.3 ). Here we compare these with the gridded observations to see how well the method performs for the present day. There are small areas where the differences between the estimated sowing and harvest dates are larger. For rice in both the sowing (Fig.7 ) and harvest dates ( Fig. D.1) , there is some discrepancy in the south of India between the MinAg observations and the monsoon derived estimates of sowing and harvest dates, particularly for rice sowing. These differences may be explained by the differing monsoon characteristics (see Sect. 4), compared to the rest of India (See Fig. 4 ). The 
Comparison of model monsoon onset and retreat with precipitation observations
Analysis of future monsoon onset and retreat
As a demonstration of the method summarised in Fig. 3 , the HELIX SWLs (described in Sec.2.4) are In fact all of monsoon onset, peak, retreat and duration show a large degree of variability as shown in Fig. 9 where each statistic has been averaged for South Asia. Each point in Fig. 9 represents a 17-year timeslice from between 1970 and 2097 for each of the APHRODITE, ECHAM5, HadCM3
and ERAint datasets. Figure 9 supports the points made regarding the spatial plots and also shows 320 how the four monsoon statistics change between the 17 year timeslices. The 2040-2057 period has a much earlier onset for ECHAM5 than all the other periods except the 2000-2017 period, which is similar (See Fig. 9 (a) ). For most of the periods ECHAM5 has an earlier onset than HadCM3, this is also true of the retreat (See Fig. 9 (b) ), the duration is usually longer for ECHAM5 compared with
HadCM3 (See Fig. 9 (d) ). and harvest dates used to provide the growing season durations in each of the plots shown in Fig.   10 for each of the simulations are calculated using the method described in Fig. 3 
Discussion
Recent climate impact studies such as AgMIP (Rosenzweig et al., 2013 (Rosenzweig et al., , 2014 ) and ISIMIP (Warsza- 
Present day analysis
In general the method described by Fig. 3 sowing given by the observations (see Fig. 6 ). However there are regions where the estimated sowing and harvest dates do not compare as well against present day observations. Rice sowing is generally closely associated with ASM onset across most of central India, however in the south of India there is a small region where the differences between the observations of sowing dates and the monsoon are 350 larger than everywhere else (see Fig. 5 ). In Sect. 3.2 this region is shown to have different monsoon characteristics to the rest of India. This part of India includes the state of Tamil Nadu, this state is located on the lee side of the Western Ghats and therefore does not receive the large amounts of ASM rainfall that is more commonly associated with this part of the world. Tamil Nadu receives up to 50 percent of its annual rainfall during October-December via the less stable North Eastern (NE)
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Monsoon. The NE monsoon is therefore more important for water resources for this part of India than the ASM which accounts for approximately 30 percent of the annual rainfall for this region (Dhar et al., 1982) . These differing monsoon characteristics mean different agricultural practices are required to cultivate rice in this part of the country. This is illustrated by Fig. 11 (left plot) which
shows that the southern region of India with differing monsoon characteristics irrigates rice more 360 intensively than other parts of India. In the Tamil Nadu region, rivers are usually dry except during the monsoon months and the flat gradients mean there are few locations for building reservoirs, therefore approximately one third of the paddy rice crop is irrigated from a large network of water tanks (Anbumozhi et al., 2001 ). The Southern states of India have the highest density of irrigation tanks with large numbers also found in Andhra Pradesh and Karnataka, these are also regions shown 365 to have a high irrigation intensity in Fig. 11 . Rice harvest is typically not as closely associated with the monsoon onset as rice sowing, which usually requires the monsoon to be fully established before planting.
The widespread irrigation of wheat shown in Fig. 11 (right plot) has less of an impact on the estimates of wheat sowing/harvest dates because this crop is less closely linked to the monsoon 370 onset than rice. Therefore the regional differences between the MinAg observations and the monsoon derived sowing and harvest dates for wheat are not as large as some of those for rice (see Sect. 3.3).
Given that the method has provided reasonable estimates of sowing and harvest dates for most of India, it would be useful and interesting to extend this method to improve it for the South of India.
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HadRM3 is driven by boundary data from the two GCMs (See Fig.3 
